Abstract. The aim of the present study was to identify the rapid effect of dexamethasone (Dex) on norepinephrine (NE)-mediated contraction of vascular smooth muscle cells (VSMCs) and to establish the underlying mechanism(s). Rat VSMCs were preincubated with lipopolysaccharide to simulate acute septic shock. Myosin light chain (MLC 20 ) phosphorylation of VSMCs was detected by western blot analysis to observe the effects of Dex on NE-mediated contraction. Activation of the RhoA/ RhoA kinase (ROCK), extracellular signal-regulated kinase (ERK) and p38 signaling pathways was detected by western blot analysis to explore the mechanism. It was identified that Dex rapidly promoted NE-induced phosphorylation of MLC 20 in VSMCs and this effect may be non-genomic. The RhoA/ROCK, ERK and p38 pathways were demonstrated to be important for the rapid effect of Dex-induced promotion of NE-mediated contraction in VSMCs. The present results indicate that Dex may rapidly reverse the hyporeactivity of vasoconstriction to NE in vitro and this effect may be mediated by specific non-genomic mechanisms through increased activation of the RhoA/ROCK, ERK and p38 signaling pathways.
Introduction
Vascular smooth muscle cells (VSMCs) shorten during contraction, decreasing the internal diameter of blood vessels to regulate blood flow and pressure (1) . VSMC contraction and relaxation are largely mediated by phosphorylation and dephosphorylation of the 20-kDa regulatory myosin light chain (MLC 20 ) at threonine-18 and serine-19 by myosin light chain kinase (MLCK) and myosin light chain phosphatase (MLCP) (2) . The initial phase of contraction is mediated by a rise in intracellular calcium which results in calmodulin-dependent activation of MLCK. The sustained phase of vascular contraction is thought to involve Ca 2+ sensitization mechanisms (3) . The major mechanism of Ca 2+ sensitization of contraction is mediated by inhibition of MLCP, leading to increased MLC 20 phosphorylation and VSMC contraction. The RhoA/RhoA kinase (ROCK) pathway is hypothesized to be involved in Ca 2+ sensitization. The pathway is associated with sustained vasoconstriction by phosphorylating and inhibiting MLCP, subsequently increasing MLC 20 phosphorylation (4, 5) . A previous study demonstrated that the RhoA/ROCK pathway is important for drug-induced VSMC contraction or relaxation through activation or inhibition of the pathway itself. Additional studies (6) (7) (8) have revealed that extracellular signal-regulated kinase (ERK) and p38 are involved in agonist-induced smooth muscle stimulation and activation of these signaling pathways leads to phosphorylation of caldesmon (CaD), thus increasing myosin ATPase activity and promoting VSMC contraction. Glucocorticoids (GCs) are important in the stress response and are currently utilized as anti-allergic, anti-inflammatory and immunosuppressive agents. Previously, it was widely assumed that GCs function solely through regulation of gene expression and protein synthesis, a long-term response which takes several hours or days to take biological effect. However, more recently, GCs have also been identified to exert rapid non-genomic effects on various tissues and cells. Previous studies by this research group (9) (10) (11) (12) identified that GCs inhibit degranulation of mast cells and neutrophils and phagocytosis of macrophages via a non-genomic mechanism, to exert immuno suppressive, anti-allergic and anti-inflammatory effects. Τhe role of GCs on the circulatory system is largely mediated by permissive regulation of VSMC contraction by catecholamine, leading to enhanced maintenance of vascular tone and blood pressure (13) . In clinical practice, the pressor effect of norepinephrine (NE) alone to lower blood pressure is considered unsatisfactory, particularly during rescue therapy for cases of septic shock. Administration of a small amount of cortisol is known to significantly enhance the pressor effect of NE. However, the mechanism by which GCs rapidly enhance NE-mediated contraction of VSMCs remains unclear. A previous study using sepsis models, hypothesized that the mechanism of vascular hyporeactivity was associated with decreased Ca 2+ sensitization of VSMCs (14) . Therefore, the aim of the present study was to characterize the rapid effect of dexamethasone (Dex) in NE-mediated contraction in vitro and clarify the mechanism behind this clinically important interaction.
Materials and methods
VSMC culture. Rat vascular smooth muscle cells (A7r5 cells) were purchased from the Committee on Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Cells were incubated with growth medium for 24 h and then replaced with serum-free medium. After 18 h, cells were treated with various drugs. The study was approved by the ethics committee of the Second Military Medical University.
Protein extraction. Total protein was extracted from cells using RIPA buffer, supplemented with protease and phosphatase inhibitors. Protein concentration in the supernatant of cell lysate was measured using BCA Protein Assay kit. Following this, the protein was prepared with 5X sample buffer and stored at 80˚C until use.
Western blot analysis. Protein-matched samples were electrophoresed by SDS-PAGE, transferred to PVDF membranes and blocked with 5% non-fat milk. Membranes then were incubated with the appropriate primary antibody, followed by the corresponding secondary antibody. Membranes were developed with ECL reagents and bands were visualized and quantified using Quantity One imaging software (Bio-Rad, Hercules, CA, USA). Statistical analysis. Statistical analysis was performed using SPSS software (v17.0) using raw data. All values are expressed as mean ± SE. Data for BP were analyzed by paired and unpaired Student's t-tests. Additional results were analyzed using one-way ANOVA. P<0.05 was considered to indicate a statistically significant difference. 20 phosphorylation in VSMCs. Mice treated with LPS are widely accepted as an acute septic shock model. NE was oxidized and deactivated by ONOO-1 and this deactivation induced the hyporeactivity of vasoconstriction to NE in septic shock (15) . Phosphorylation of MLC 20 is a key event in the activation of Ca 2+ -induced contraction and Ca 2+ sensitization in smooth muscle (16) . NE (P<0.05; n=3). Fig. 2 demonstrates that RU486, a GC nuclear receptor antagonist, did not block this rapid action. These results indicate that Dex rapidly enhances NE-induced MLC 20 activation in VSMCs by a non-genomic mechanism. 20 phosphorylation. The RhoA/ROCK pathway participates in sustained vasoconstriction and has been proposed to be important for Ca 2+ sensitization. Y-27632, a selective inhibitor of Rho kinase, was used to determine the role of Rho kinase in rapid regulation of NE-mediated VSMC contraction by Dex. Fig. 3 reveals that the rapid function of Dex for NE-mediated VSMC contraction (P<0.05, n=3) was eliminated by Y-27632, indicating that the RhoA/ROCK pathway is involved in Dex-induced rapid promotion of NE-mediated VSMC contraction.
Solutions

Results
Dex rapidly enhances NE-induced MLC
Inhibition of Rho kinase activity reverses rapid Dex-induced promotion of NE-mediated MLC
Dex enhances NE-mediated phosphorylation of MYPT1.
GTP-RhoA activates ROCK, which in turn phosphorylates MYPT1 to inactivate MLCP activity (17) . Therefore, we examined whether MYPT1
Thr853 phosphorylation accounted for NE-mediated contraction in VSMCs. Fig. 4 indicates that MYPT1 was activated by NE or Dex alone, resulting in an increase in P-MYPT1. However, when NE and Dex were administered together, phosphorylation of MYPT1 was identified to be significantly upregulated compared with NE or Dex alone (P<0.05; n=3; Fig. 4 ), indicating that Dex may enhance NE-mediated phosphorylation of MYPT1. Therefore, activation of the RhoA/ROCK pathway is involved in Dex-induced rapid promotion of NE-mediated VSMC contraction.
Dex increases NE-mediated activation of ERK.
Phosphorylation of CaD was previously hypothesized to regulate smooth muscle contraction. Activation of ERK leads to phosphorylation of CaD (6) . To determine whether ERK is involved in the rapid effect of Dex on NE-mediated VSMC contraction, activation of ERK was examined. Fig. 5 demonstrates that NE and Dex enhanced activation of ERK. However, when NE and Dex were administered together, the activation level of ERK was identified as significantly upregulated compared with NE or Dex alone, indicating that ERK activation occurred upstream when NE and Dex were administered together, i.e., ERK was involved in the rapid effect of Dex-induced promotion of NE-mediated VSMC contraction.
Dex increases NE-mediated activation of p38. Activated p38 phosphorylates CaD and increases phosphorylation and activation of heat-shock protein 27 (HSP27). HSP27 is a known regulator of actin polymerization, an important event in the mechanism of force maintenance during smooth muscle contraction (8) . To elucidate whether p38 was involved in NE-mediated VSMC contraction stimulated by Dex, phosphorylated p38 levels were analyzed. Results are presented in Fig. 6 . A higher level of p38 activation was observed when NE and Dex were administered together. Therefore, p38, as with ERK, was identified as an additional molecule affected by Dex in NE-mediated VSMC contraction.
Discussion
Septic shock usually results in a cardiac dysfunction and a marked fall in systemic vascular resistance (18) . Impaired synthesis of corticosteroids is commonly observed in the plasma of septic shock patients (19) . Specific patients with sepsis and impaired adrenal function demonstrate a significant decrease in pressor sensitivity to NE, which may be improved by administration of hydrocortisone (20) . In the clinic, the pressor effect of NE alone for blood pressure elevation, particularly during rescue therapy in septic shock, is considered unsatisfactory. When a small amount of cortisol is administered, the pressor effect of NE is significantly enhanced. However, the mechanism by which GCs rapidly enhance NE-mediated contraction remains unclear. In the present study, we observed the rapid effect of Dex on NE-mediated contraction in vitro and investigated the mechanism of this clinically important interaction.
Contractile activity in VSMCs is primarily determined by phosphorylation of MLC 20 . MLC 20 phosphorylation may induce VSMC contraction directly (17) . In the present study, we demonstrate a complex intracellular interaction between NE and Dex in VSMC contraction. Treatment with NE alone induced MLC 20 phosphorylation and enhanced the contraction of VSMCs. Dex alone also caused low levels of MLC 20 phosphorylation. However, preincubation with Dex prior to addition of NE was identified to significantly improve the sensitivity of VSMCs to NE and enhance MLC 20 phosphorylation, thus increasing the contractile effect of VSMCs. In addition, the rapid effect of Dex was not blocked by RU486, a GC nuclear receptor antagonist. The present results indicate that Dex may rapidly enhance NE-mediated contraction of VSMCs by a non-genomic mechanism.
Activation of MLCK leads to phosphorylation of MLC 20 (17) . In addition to MLCK, the state of MLC 20 phosphorylation is regulated by MLCP, which removes the high-energy phosphate from the MLC 20 to cause VSMC relaxation. As this process does not rely on [Ca 2+ ] i , it is termed Ca 2+ sensitization (21) . The Ca 2+ sensitivity of contraction is affected by variations in the ratio of MLCK/MLCP activity. A decrease in MLCP activity is likely to alter the balance in favor of MLCK, resulting in a greater degree of MLC 20 phosphorylation and contraction (22) .
RhoA is a well-known member of the Rho protein family (23) . ROCK is the first RhoA effector. RhoA and its downstream target ROCK are important for Ca 2+ sensitization (21) . The activated RhoA-GTP activates ROCK, which subsequently combines with the MYPT1 subunit of MLCP to phosphorylate Thr853 and 696 sites and inhibit MLCP activity. These phosphorylation events promote the phosphorylated state of MLC 20 and prolong VSMC contraction (17) . The effect of ROCK is blocked by Y-27632 (24) . The RhoA/ROCK-mediated pathway is critical for signal transduction initiated by a number of agonists, including NE, angiotensin Ⅱ, serotonin, endothelin-1 and platelet-derived growth factor. Previous studies have indicated that the RhoA/ROCK pathway is important for numerous cellular functions, not only VSMC contraction but also actin cytoskeleton organization, cytokinesis, cell migration, proliferation and differentiation and gene expression, all of which may participate in the pathogenesis of cardiovascular disorders, including atherosclerosis, restenosis, hypertension and cardiac hypertrophy (23) (24) (25) (26) (27) . The RhoA/ROCK pathway has also been associated with drug-induced VSMC contraction or relaxation (28, 29) . A previous study (28) demonstrated that RhoA/ROCK is involved in Ca 2+ -independent contractions induced by phorbol-12,13-dibutyrate (PDBu). PDBu phosphorylates MYPT1 by activating the RhoA/ROCK pathway, thus inactivating MLCP and causing smooth muscle contraction. An additional study (29) revealed that the RhoA/ROCK signaling pathway was involved in the regulation of vascular reactivity following hemorrhagic shock. Chiba et al (30) demonstrated that GCs inhibit airway hyperresponsiveness in allergic bronchial asthma. The mechanism of this effect involves the reduction of augmented bronchial smooth muscle contraction by GCs through inhibition of RhoA upregulation. NE stimulates α 1 (31) . Using the sepsis model, a previous study (14) identified that decreased Ca 2+ sensitization of VSMCs was the mechanism responsible for vascular hyporeactivity. The present study demonstrated that the RhoA/ROCK pathway was involved in enhancement of Dex-induced rapid promotion Figure 6 . Activation of p38 in Dex-induced promotion of NE-mediated MLC phosphorylation. VSMCs were co-treated with 10 ng/ml LPS and 10 -5 M Dex for 10 min and then 10 -8 M NE was added for 4 min. Phosphorylation of p38 was detected by western blot analysis using an antibody against p-p38. Total p38 was used to control load quantity. Bars represent p-p38 expressed as the percentage of respective controls. Results are expressed as mean ± SE for 3 independent experiments; * P<0.05. MLC, myosin light chain; LPS, lipopolysaccharide; Dex, dexamethasone; NE, norepinephrine; VSMCs, vascular smooth muscle cells.
of NE-mediated VSMC contraction. Addition of Y-27632 was observed to significantly lowered the effect of Dex-induced promotion of NE-mediated MLC 20 phosphorylation, indicating that the effect of Dex on the rapid enhancement of NE-mediated contraction of VSMCs may be mediated by increased phosphorylation of MLC 20 by promoting NE-mediated activation of the RhoA/ROCK pathway. In addition, the mechanism by which ROCK inhibits MLCP is through phosphorylation of the MYPT1. In the present study, activation of MYPT1 was analyzed to reveal that NE-mediated phosphorylation of MYPT1 was also increased by Dex, indicating that Dex may upregulate activation of the RhoA/ROCK pathway and promote NE-mediated VSMC contraction by enhanced activity of MYPT1.
Previous studies have identified additional mechanisms of VSMC contraction, including filament rearrangement and the ERK, p38 and protein kinase C (PKC) pathways. Firstly, actin and myosin interactions result in the initial development of force, a process similar to the function of these filaments in adhesion to attachment sites where they form a cytoskeletal scaffold that maintains tension in the absence of additional cross-bridge cycling (32) . Secondly, a number of studies have identified that activated ERK and p38 are involved in agonist-induced smooth muscle stimulation. Their activation leads to CaD phosphorylation, which increases myosin ATPase activity and promotes VSMC contraction. In addition, p38 increases phosphorylation and activation of HSP27, a regulator of actin polymerization (6) (7) (8) . Finally, PKC phosphorylates calponin (CaP) and CaD, subsequently increasing myosin ATPase activity and contractile response in VSMCs (33) .
To determine whether ERK and p38 are involved in rapid enhancement of NE-mediated VSMC contraction by Dex, we examined phosphorylation of ERK and p38. The results demonstrated that co-treatment with Dex and NE upregulated phosphorylation of ERK and p38, consistent with the hypothesis that ERK and p38 are involved in the effect of Dex on NE-mediated VSMC contraction. The association of the PKC pathway in this mechanism was not examined in the present study.
Numerous research groups (34, 35) have previously reported cross talk between the RhoA/ROCK and ERK pathways or that they are associated with the same pathway. Activation of ERK is involved in angiotensin Ⅱ-induced contraction of pressurized mesenteric arteries. This effect is blocked by the ROCK inhibitor Y-27632, indicating that ROCK is upstream of ERK activation (34) . However, another study maintained that α 2 -adrenoceptor-mediated vascular contraction in the porcine palmar lateral vein involved RhoA/ROCK and ERK activation, although these were separate pathways (35) . Further studies are required to clarify the correlation between RhoA/ROCK and ERK or p38 pathways.
In conclusion, the present study demonstrated that Dex rapidly reversed the hyporeactivities of vasoconstriction to NE in vitro and this effect may be mediated by non-genomic mechanisms by increasing activation of the RhoA/ROCK signaling pathway. In addition, we identified that ERK and p38 pathways were important for Dex-induced promotion of NE-mediated contraction in VSMCs. These results may provide insight into the mechanism of rapid enhancement of NE-mediated VSMC contraction by Dex and aid development of clinical therapies against septic shock.
